The localization of three monooxygenase (hydroxylase) enzyme sys-
NADPH cytochrome c reductase, from 1.12 to 1.17 g/cm3, the CAH activity was displaced as well.
The membrane-bound enzyme system involved in the biosynthesis of the cyanogenic glucoside dhurrin was also shown to be closely associated with the endoplasmic reticulum. This system contains hydroxylases capable of hydroxylating tyrosine to form N-hydroxytyrosine and hydroxylating p-hydroxyphenylacetonitrile to form p-hydroxy-(S)-mandelonitrile.
Cinnamic acid 4-hydroxylase (EC 1.14.13.11), which catalyzes the formation of p-coumaric acid from trans-cinnamic acid, is a key enzyme in the synthesis of numerous compounds in what is termed the general phenylpropanoid pathway. This enzyme was first detected in microsomal membranes of pea seedlings by Russell and Conn (17) and has subsequently been carefully characterized in Sorghum microsomes (13) . Although not of homogeneous consistency, the microsomal system has provided a convenient source of the enzyme for a number of workers (13, 15-17, 23, 24, 26) .
Tanaka et al. (23, 24) have further examined the microsomal membranes of Brassica and proposed that the CAH activity is not associated with ER although that membrane is an important component of the microsomal fraction. In contrast, Young and Beevers (26) have concluded that, in Ricinus endosperm tissue, CAH activity is principally associated with the ER, although the rates of activity observed were low. Recent studies by Benveniste et al. (3) have supported the proposal that the CAH activity is associated with the ER.
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ble of synthesizing intermediates in the biosynthesis of the cyanogenic glucoside dhurrin (10) . Two of these are monooxygenases (hydroxylases) which convert tyrosine to N-hydroxytVrosine5 and p-hydroxyphenylacetonitrile to p-hydroxvmandelonitrile (20) . The present investigation was undertaken to determine not only if the CAH of Sorghum is associated with the ER, but also to obtain information on the localization of the membrane-bound enzyme system involved in dhurrin biosynthesis. The cpm of p-coumaric acid and cinnamic acid were normalized for variations of total activity among samples.
MATERIALS AND METHODS
The mitochondrial marker enzyme succinic acid dehydrogenase was assayed by the method of Pennington (12) .
The membrane-bound enzyme system involved in the biosynthesis of dhurrin was studied by two different procedures. In procedure A, the C-hydroxylation of p-hydroxyphenylacetonitrile by the enzyme designated as nitrile hydroxylase was measured by determining the HCN produced on dissociation of the p-hydroxymandelonitrile formed (10 (4) .
In procedure B, the conversion of L-tyrosine to p-hydroxymandelonitrile by the multistep sequence of dhurrin biosynthesis was observed. This process, termed the tyrosine-metabolizing system, involves both the C-hydroxylation of p-hydroxyphenylacetonitrile measured in procedure A, and the N-hydroxylation of L-tyrosine. The tyrosine-metabolizing system is measured by determining the amount of p-hydroxybenzaldehyde formed on dissociation of p-hydroxymandelonitrile. During the conversion of tyrosine to p-hydroxymandelonitrile, p-hydroxyphenylacetaldoxime accumulates to some extent in the reaction mixture and can be measured (10, 20) . When this is done, only the initial reactions of the tyrosine-metabolizing system are measured, one of which is the N-hydroxylation of tyrosine. The reaction mixture (600 ,l) consisted of 3 ,mol of glucose-6-P, 0. , to separate phydroxybenzaldehyde from the unreacted tyrosine and the phydroxyphenylacetaldoxime that accumulates. These compounds were cut out of the thin layer chromatogram and the pieces added to scintillation vials for counting.
Radioactivity was determined in a Beckman scintillation counter by adding 1 ml of water to solubilize the compounds followed by 10 ml of Triton-toluene mixture composed of 500 ml Triton X-100, 1 liter of toluene, 0.5% PPO, and 0.02% POPOP.
Chl was determined by the method of Arnon (2) RESULTS The biosynthesis of dhurrin in Sorghum seedlings involves a membrane-bound enzyme system which converts tyrosine to phydroxy(S)mandelonitrile by a multistep pathway (10) . In the presence of UDP-glucose and a soluble glucosyltransferase (14) , the p-hydroxymandelonitrile is converted to dhurrin (10) . The membrane-bound enzyme system, which may be followed by its ability to catalyze the conversion of tyrosine, p-hydroxyphenylacetaldoxime, or p-hydroxyphenylacetonitrile to p-hydroxymandelonitrile, is located in the microsomal fraction obtained on homogenization of the young seedlings (10, 20) . Typical data, not previously reported, are shown in Table I where 52% of the enzyme system, as measured by its nitrile hydroxylase (procedure A) activity, is shown in the 100,000g pellet obtained on differential centrifugation of a homogenate of etiolated Sorghum shoots. Table I also presents data on the specific activities of CAH, NADPH-Cyt c reductase, and succinic acid dehydrogenase in the fractions obtained on differential centrifugation together with the Chl concentration and total protein content. The fractions with the two highest specific activities for succinic acid dehydrogenase were the 5,000g and 20,000g pellets; these contained 69% of the total enzyme activity. On the other hand the highest specific activity (and the largest fraction of the total activity) for CAH and for NADPH-Cyt c reductase was observed in the particulate fraction obtained from the 100,000g centrifugation. The similar distribution of CAH and NADPHCyt c reductase (correlation coefficient of r = 0.961) in this pellet suggested that these two enzyme systems occur in the same membrane fraction.
In an attempt to refine the system further, the post-5,000g supernatant fraction was examined by continuous sucrose gradient centrifugation. Figure 1 illustrates apparent nitrile hydroxylase activity observed in the soluble protein portion of the gradient (fractions 0-5) was due to the HCN released during homogenization and not to the enzymic production of HCN from p-hydroxyphenylacetaldoxime during the assay of the nitrile hydroxylase activity. Figure 2 , A and B are electron photomicrographs of the membranes associated with the 20,000g mitochondrial pellet and 100,000g microsomal pellet, respectively. These figures show that the microsomal pellet is based on a procedural definition and is not composed of homogeneous cytological organelles. The mitochondrial pellet contains several membrane types but is enriched in mitochondria; however, relatively few ribosomes are seen. The presence of Mg2+ in the homogenizing medium and sucrose gradient exhibited a dramatic effect on the equilibrium banding pattern of the ER because of its action on the dissociation of ribosomes (9) . Thus, by omitting MgCl2 the ER could be shifted from a density of 1.17 to 1.12 as shown in Figure 3 . Under these conditions, the CAH activity co-migrated precisely with NADPH-Cyt c reductase in fractions 9 to 14 while the succinate dehydrogenase activity (fractions 23-27) remained relatively unchanged in its banding pattern (Fig. 3) . In the absence of MgCI2, the enzyme system associated with the biosynthesis of dhurrin has also shifted to a lower density. When procedure B was used to measure the tyrosine-metabolizing system, the activity coincided with the ER (fractions [10] [11] [12] [13] . When the partial conversion of tyrosine to p-hydroxyphenylacetaldoxime was measured the peak of activity was observed in two fractions to the right of the main band of ER.
In a further attempt to determine whether the enzyme system associated with dhurrin biosynthesis resides in the ER, the microsomal pellet obtained from a 100,000g centrifugation (Table I ) was subjected to discontinuous sucrose gradient centrifugation in the presence of 10 mM MgCl2. The results again showed (Fig. 4) 
DISCUSSION
Russell and Conn (17) first reported the occurrence of CAH in a microsomal fraction from dark-grown pea seedlings which had received a short exposure to white light. Stafford (21) subsequently noted that microsomal fractions from young Sorghum seedlings contained a similar enzyme system. Detailed studies in our laboratory on the pea (16) and Sorghum (13) enzymes have subsequently disclosed that they are monooxygenases (hydroxylases) which preferentially utilize NADPH as an external reductant, are reversibly inhibited in the light by CO, exhibit their optimum activity between pH 7 and 8, probably involve a Cyt of the P450 type, and are reversibly inhibited by their product, p-coumaric acid.
As microsomal fractions are not homogeneous, several efforts have been made to determine the association of CAH with a recognized organelle or membrane. In preliminary work (13), this laboratory reported the occurrence of the enzyme in a light membrane fraction with a density of 1.12 to 1.14 g/cm3. Tanaka et al. (23, 24) , in a study of the injury-induced CAH of sweet potato tuber that involved comparison with marker enzymes of mitochondria and ER, concluded that CAH was not distributed, in either continuous or discontinuous gradients, in a manner identical with NADPH-Cyt c reductase. It should be noted, however, that the sucrose gradients examined by these workers exhibited quite broad bands of activities for the ER marker enzymes. Our own data suggest that extended centrifugation times are needed for tight equilibrium banding in the absence of MgCl2. (6) , therefore, appears justified.
The careful work with endosperm of castor bean was facilitated by the thorough characterization of the cellular organelles of that tissue carried out over a period of years (26) . The 
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However, the dhurrin-synthesizing system has a distribution pattern very similar to that of the ER marker enzyme, NADPHCyt c reductase, and therefore of CAH. Upon the addition of 10 mM MgCl2, the dhurrin-synthesizing system, as well as CAH, is shifted from a density of 1.12 to 1.17. This shift is attributed to the dissociation of ribosomes from membranous systems and is characteristic of ER (9) . Difficulties inherent in the quantitation of a multistep reaction sequence require that caution be exercised in making final conclusions on this point. Nevertheless, it is noteworthy that the ER of Sorghum seedlings possesses these three highly reactive hydroxylation systems involved in the biosynthesis of natural products.
The association of CAH, the second enzyme in the phenylpropanoid pathway, with the ER raises interesting logistical questions regarding the biosynthesis of the phenylpropanoids, especially since phenylalanine ammonia lyase, the first enzyme in the pathway, is generally regarded as a soluble enzyme. Stafford, in discussions of this problem (22) , has proposed that phenylalanine ammonia lyase and CAH may occur, possibly together with other enzymes required in specific biosynthetic sequences, in multienzyme complexes. Such complexes may be "attached to cytoplasmic membranes or enclosed within organelles." The reported occurrence of phenylalanine ammonia lyase in microsomes (1), glyoxysomes (5) , and chloroplasts (8, 11, 19) suggests that these enzyme complexes may involve more than one organelle.
Recently, Saunders et al. (18) have presented data showing that the Sorghum cyanogenic glucoside is accumulated in the vacuole based on a microautoradiographic study. Attempts are now underway to characterize the tonoplast membrane in order to determine if it possesses any of the enzymes for the biosynthesis of the cyanogenic glucoside of Sorghum.
